August 2007 
Baryogenesis by Quantum Gravity 



KEN-JI HAMADA0, AZUSA MlNAMIZAK^I AND AKIO SUGAMOTc|f| 

1 Institute of Particle and Nuclear Studies, KEK, Tsukuba 305-0801, Japan 
^Department of Particle and Nuclear Physics, The Graduate University for 
Advanced Studies (Sokendai), Tsukuba 305-0801, Japan 
2 ' 3 Department of Physics, Ochanomizu University, Otsuka, Bunkyo-ku, 

Tokyo 112-8610, Japan 

Abstract 

A novel mechanism of baryogenesis is proposed on the basis of the 
phase transition from the conformal invariant space-time to the Ein- 
stein space-time in quantum gravity. Strong-coupling gravitational 
excitations with dynamical mass about 10 17 GeV are generated at the 
transition. They eventually decay into ordinary matters. As a re- 
alization of unparticle physics we show that the low energy effective 
interactions between the gravitational potential describing the excita- 
tion and the non-conserving matter currents by the axial anomalies 
can explain matter asymmetry out of thermal equilibrium. 
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The Wilkinson microwave anisotropy probe (WMAP) experiment [TJ has 
established the inflationary scenario of the universe E] . Various cosmolog- 
ical parameters have been determined precisely, in which the baryon number 
density of the universe has been ns/n^ = (6.14 ± 0.25) x 1CT 10 . There are 
many attempts to derive this small number [U El El El [TUl HU [12], but 
it is known that this baryon excess cannot be produced within the Standard 
Model of particle physics [10J. So, it is significant to seek more effective 
sources of the generation of baryon asymmetry in the early universe. In this 
paper we propose a new mechanism based on the quantum gravity scenario 
of the universe without introducing any additional field. 

One of the prominent features of quantum gravity scenario we employ here 
is that there is a dynamical energy scale separating quantum space-time and 
classical space-time [T3l [HI [15]. In the early epoch of the universe the con- 
formal symmetry has a significant meaning, because there would be a period 
that space-time is totally fluctuating quantum mechanically so that geometry 
loses its classical meaning and the scale invariant picture will emerge, while 
in the present universe there is no such a symmetry. Thus, the existence of 
the dynamical scale indicates that there was a space-time phase transition 
in the evolution of the universe according to the violation of the conformal 
symmetry. 

The dynamical scale is introduced in the renormalizable quantum gravity 
on the basis of a conformal gravity in four dimensions [TB]. The inflationary 
solution requires that the dynamical scale is of the order of 10 17 GeV below 
the Planck scale in order to explain the correct number of e-foldings and the 
amplitude of cosmic microwave background anisotropics observed by WMAP 
[T4"l [T5] . We show that this magnitude of the dynamical scale also has a 
significant meaning for the generation of the baryon asymmetry. 

The basic idea of the mechanism is as follows: scale invariant quantum 
fluctuations^] initially covering the whole universe are gradually reduced into 
the smaller size of fluctuations according to the expansion of the universe. 
Field fluctuations freeze to localized gravitational objects and eventually de- 
cay into ordinary matters. The baryon asymmetry is then generated con- 
sidering the low energy effective interactions in which those strong-coupling 
gravitational excitations couple to matter currents. These interactions are 
acquired provided the currents are not conserved. 

4 Physical states are defined satisfying the Wheeler-DeWitt equations of conformal 
algebra [T?] . 



1 



This may be a realization of the unparticle physics recently proposed 
by Georgi [T3], since the strong-coupling gravitational excitation considered 
here has its origin in the breaking of conformal symmetry and the effective 
interactions introduced are natural ones in the unparticle physics. 

Gravitational excitations at strong coupling The existence of dynam- 
ical energy scale of quantum gravity Aqg is indicated by the asymptotic 
freedom of the coupling for the Weyl action (— l/t 2 )C 2 uXa , where C^ v \ a is 
the Weyl tensor, in renormalizable quantum theory of conformal gravity 
with the Einstein action [TBjJf] The running coupling constant is written 
as l/t 2 (p) = Po ln(p 2 /Aq G ) for physical momentum p and the beta function 
was computed as (3 = —fiotf with (3 > [201 IS] • 

The coupling constant of the Weyl action takes care of the traceless ten- 
sor mode in the metric field, which measures a deviation from conformal 
symmetry. At very high energies, the coupling is vanishing and fluctuations 
of conformal mode become dominated so that exact conformal invariance is 
realized, while at the dynamical energy scale the coupling constant diverges 
and the symmetry is completely broken, turning to the conventional Fried- 
mann universe. Then, energies stored in extra degrees of freedom in higher 
derivative gravitational fields shift to matter degrees of freedom, causing the 
big bang. In addition, strong-coupling gravitational objects will be gener- 
ated. Since the quantum correlation becomes short-ranged about the order 
of £ gr = 1/Aqg, gravitational field fluctuations freeze to localized objects, like 
glueballs in QCD, with the size of order of £ gr and the mass m gr = A QG . They 
eventually decay into ordinary matters in the lifetime of order of r gr = 1/Aqg- 

In general such a strong-coupling excitation will be described in terms of 
a composite field, but we here do not care about the detailed structure of 
the excitation. We simply describe it as a small gravitational fluctuation in 
the Friedmann background using the gravitational potential, or the Bardeen 
potential [21]. In the longitudinal gauge, it is defined by d 2 s = a 2 [— (1 — 
2§)dr] 2 + (l + 2&)dx 2 }, where 7] and x are the comoving coordinates. The scale 
factor a is the solution of the Friedmann universe satisfying the homogeneous 
equation of motion H + 2H 2 = 0, where H = a/a and the dot denotes the 
derivative with respect to the proper time r defined by dr = adrj. The initial 

5 The Wess-Zumino condition requires that the four-derivative actions should be con- 
formal invariant such that the R 2 action is forbidden 19J, while the Einstein action and 
the cosmological constant are not forbidden and added. 
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value of H at the transition point is given by the order of Aq G . 

The amplitude of the gravitational potential generated by the localized 
excitation is estimated as follows: since $ is the Newton's potential, the 
Poisson equation for $ with a source of mass m gr leads to $ = Gm gT /r. This 
equation is now effective outside the object r > £ gr , while the inside will be 
described by the strong-coupling dynamics of quantum gravity and thus $ 
would be smoothed without the singularity by the quantum effects. So, the 
amplitude of the fluctuation with mass m gr is roughly evaluated at r = £ gr 
as 
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where M P = 1/ V8ttG is the reduced Planck mass. Since M P is larger than 
the dynamical energy scale Aqg, the amplitude is sufficiently small and thus 
the use of the Bardeen potential to describe such a gravitational state is 
justified. The condition Mp > Aqg also ensures that the excitation is not 
a black hole, because the size £ gr is greater than its Schwartzschild radius 
Gm gr . 

The number density of the strong-coupling objects is estimated as fol- 
lows: right after the space-time transition such localized fluctuations would 
appear everywhere densely. So, the number density is roughly one per spatial 
spherical volume of radius £ gr , namely n gr = l/(47r£| r /3) = 3Aq G /47t. Thus, 
the ratio of n gr and the photon number density is initially given by the order 
of unity as 

~ ~ 1, (2) 

initial 8£(3) 

where we use the photon number density n 7 = 2£(3)T 3 /-7r 2 evaluated at the 
temperature T = Aqg and £(3) = 1.202 • • •. 

Since the gravitational objects are uniformly distributed, we remove the 
spatial dependence of $ in the following. The trace of the Einstein tensor 
leads to the evolution equation $ + 5iJ$ = 0. We here add the dynamical 
information that the fluctuation decays in the dynamical time scale. Since 
they have the mass m gr and the decay width r gr of order of the mass, the 
equation would be modified as 

$ + + r gr $ + m 2 r $ = 0. (3) 

The last two terms denote effects of the decay. Since $ is a real field and it 
should monotonically decay and vanish even in the flat space-time of H = 0, 



n 7 



3 



. 0002 



e 0.0001 



0.00005 



. 00015 




1 50 100 



150 



200 



z 



Figure 1: The evolution of $ as a function of r for Aqg = 1/15 with Mp = 1. 

the decay width has to be greater than 2m gr . We here take r gr = 2m gr , and 
then $ decays exponentially with lifetime r gr in the flat background. The 
simulation of equaion (j3]) is depicted in figure [TJ in which the initial values 
of $ and H are given by (00) and Aqg, respectively. 

Matter Asymmetry We consider the low energy effective theory of quan- 
tum gravity which describes the dynamics below Aqg after the space-time 
transition was occurred. The key ingredient to produce a matter asym- 
metry is a C and CP-violating Cohen-Kaplan type interaction [9j [TTJ be- 
tween the gravitational potential of strong-coupling excitation $ and the 
non- conserving matter current 



where the cut-off energy scale is taken as Aqg- The coefficient C is a di- 
mensionless constant, which is taken to be the order of unity and the metric 
g^v denotes the Friedmann background. This type of interaction is recently 
introduced in [IB] . The field $ corresponds to a kind of unparticle stuff ob- 
tained by the violation of conformal invariance at the dynamical scale Aqg- 
The canonical dimension of the $ field is for simplicity set to be zero (it is one 
if taking the canonical normalization of gravitational fields). Rigorously, it 
has an anomalous dimension d<$> [T3l [T7] , and the scale-dependent coefficient 
should be replaced with CA QG d */^p- 
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If the thermal equilibrium were realized in the universe right after the 
space-time transition was occurred, the interaction would dynamically vio- 
lates CPT invariance leading to jUmw, where n = J° is the number density 
of matter and (jlm = C(Aq G /Mp)$ plays a role of the chemical potential to 
produce matter asymmetry in the thermal universe. However, since H takes 
a larger value of the order of Aqg right after the transition, the universe 
would not be in thermal equilibrium. 

We consider the generation of matter asymmetry out of thermal equilib- 
rium. Taking into account the Cohen-Kaplan type interaction, the equation 
of motion is written as 



3M| 



$ + 5F$ + r gr $ + m^ r $) = fcK (n + 3Hn) , (5) 

where f CK = CA 2 QG /M 2 . 

Among various CP-violating decay processes, we consider those via axial 
anomalies. Since gauge bosons couple to quarks and leptons left and right 
asymmetrically as in the Standard Model, the baryon and lepton number 
currents are violated through the axial anomaly: 

9A = ^ v ir(W (6) 

where N g is the number of generations and a = g 2 /4:ir is the gauge coupling 
constant. Thus, the divergence of the current in interaction (j3J) is replaced 
with the r.h.s. of ([6]), which leads to a dimension- five interaction with the 
coupling constant fcKN g (a/4:7r)/\f3Mp, where the canonical normalization 
of kinetic term is taken into account for $. Thus, the decay width of the $ 
field through this process is evaluated as 

where m gr is the mass of the decaying gravitational object. 

Incorporating the decay process with Tqk into the equation of motion of 
we obtain 

<£ + 5H$ + r gr $ + + Tck® = 0. (8) 

Combining equations (jSJ) and (jSJ) and identifying n with ub,l, we obtain the 
equations for the baryon and lepton number densities 

h B , L + 3Hn B , L = --L3M 2 T CK $ = -CN 2 g (^X (9) 

JCK V47T/ M p 
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Solving the coupled equations of (JSJ) and (jHD, we can obtain the number 
densities. 

Before carrying out the numerical simulation, we give a rough estimation 
of the ratio Yb,l = tib,l/^- Integrating equation (jUJ) we obtain the following 
expression: 



Y BL = -CN 2 „ ( — ) I dr CN, 



9 \4ttJ Ml Jr n 7 9 
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(10) 



where r is the initial time when the transition was occurred. In the second 
line we take n 7 a constant for simplicity and use the fact that $ finally 
vanishes. Substituting the initial amplitude of $ given by (jTJ and the photon 
density n 7 ~ 2£(3)Aq G /7t 2 , we obtain 



7T 



y b , l ~ c— (id 



16C(3) 9 V4tt/ Mp 

Here, the reduced Planck mass is Mp = 2.4 x 10 18 GeV and the number of 
generation is N g = 3. The strength of coupling constant is taken to be the 
unification value of a = 1/45 as popularly accepted. If we take the coefficient 
and the ratio of two mass scales as C = 1 and Aq G /M p ~ 1/10, respectively, 
we obtain the magnitude of order of 10~ 10 . 

Numerical results for various Aqg are depicted in figure [2J The sim- 
ulations are carried out with the initial conditions: $(r ) = Aq G /87rMp, 
Yb,l(t~o) = 0, H{tq) = Aqg and the initial time is set to be r = 1. The 
temperature determining the photon number density is defined by T = 
(SOp/^g*) 1 / 4, = (90 / V 2 g*) 1 / 4 V M P H , where p and g* are the energy den- 
sity and the effective number of massless degrees of freedom, respectively, g* 
is taken to be 100. 

Finally, we discuss the decay process through the gravitational axial 
anomaly. An advantage of this process is that we do not need to care about 
the washout of B + L by the sphaleron process [7] in the late universe. 
Rather, the sphaleron process is here used to generate the baryon number 
from the lepton number initially generated [8] . Recently, an idea of leptoge- 
nesis through the gravitational anomaly in the inflationary background was 
proposed in [12] , while our approach is the alternative one generating lepton 
asymmetry right after the big bang. 

Since the gravitational field couples with the left- and right-handed matter 
fields equally, the anomaly requires an imbalance of left- and right-handed 
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Figure 2: Numerical simulations of Y BL for Aq G /M p = l/10(top), 
1/ 15 (middle), and l/20(bottom). 



fermions. So, we assume that there is no right-handed neutrino, and thus we 
obtain 

d»J£ = ^\^ Xa C» vaP C x ^, (12) 

where N v — 3 is the number of species of left-handed neutrinos. Thus, we 
can produce the lepton asymmetry through the gravitational anomaly and 
the baryon asymmetry can also be generated, provided the sphaleron process 
inter-converting baryons and leptons are effective. 

The decay from the localized gravitational object to gravitons through 
gravitational anomaly is caused by the dimension-seven interaction, and thus 
the decay width is estimated as 

Mfe^y 2 - 1 - (i3> 

As in the same way discussed above, we obtain the equation for the lepton 
number density, 

h L + 3Hn L = -J-3M*T% K $. (14) 

JCK 

Thus, the lepton-to-photon ratio is estimated as 
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This value is rather smaller than that obtained using the gauge axial anomaly, 
though we could get the observed magnitude of asymmetry by taking the 
difference of two mass scales small. 

Conclusion We have presented a new mechanism that generates the cos- 
mic baryon asymmetry on the basis of the space-time phase transition of 
quantum gravity origin. The dynamical energy scale of the space-time tran- 
sition is given by the order of 10 17 GeV below the Planck scale. This scale also 
characterizes the localized strong-coupling gravitational excitation of quan- 
tum gravity. We have studied the CP-violating low energy effective inter- 
action between the localized gravitational object and non- conserving baryon 
and lepton number currents. It has been shown that the correct magnitude 
of the baryon asymmetry can be generated through the axial anomalies out 
of thermal equilibrium. 
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